Abstract of much research. The ability of plants to cope with salinity stress is an important determinant of crop distri-
Introduction tion in response to stress is widely reported, and may play a role in stress adaptation within the cell, which is Salinity stress is a major factor in limiting crop productivity throughout the world and has recently been the focus of great interest to those studying stresses in plants. ible solutes will be important in engineering plants to tolerate saline environments in the future.
Leaf tissue amino acid analysis
Most of the studies of compatible solute accumulation
Three samples of leaf tissue of 0.2 g fresh weight were cut from have focused on the photosynthetic tissues, or source green and white areas of mature leaves from each tank of tissues. Phloem transport in sieve tubes enables the transcontrol and salinity-stressed plants approximately every 3 d. The samples were immediately frozen on dry ice and kept at fer of assimilates from source tissue to sink tissue, and −20°C until the tissue was analysed. The samples were major components of the phloem sap includes carbohydextracted in 80% ethanol and the extracts partitioned by ion rates and amino acids. All of the protein-forming amino exchange chromatography into neutral, basic, and acidic acids can be found in the phloem, but the chief nitrogen fractions as previously described (Madore, 1990) . The basic transport compounds in plants are asparagine, glutamine fractions were taken to dryness, resuspended in 100 ml of a drying reagent consisting of triethylamine5absolute ethanol:
and amides (see review by Atkins and Beevers, 1990 ( Weisberg et al., 1988; Turgeon and Wimmers, 1988;  leaves from different control or stressed plants were ground on Madore, 1990) . The goal of this study was to characterize ice using a mortar and pestle in 3 ml of grinding buffer (50 mM the partitioning of nitrogen containing compounds HEPES, 50 mM ascorbic acid, 1 mM DTT, 1 mM MnCl 2 , and 10% ethylene glycol ). The extracts were filtered through between sink and source tissues during an extended cheesecloth, transferred to microfuge tubes and centrifuged for exposure to moderate saline conditions. 2 min at 10 000 g in a microcentrifuge. Portions (0.5 ml ) of the supernatant were desalted on Sephadex G25 columns equilibrated with grinding buffer. Protein contents were then Materials and methods determined by the Bradford method (Bradford, 1976) . Plant material and growth conditions 14CO 2 pulse chase Coleus plants (Coleus blumei Benth. cv. 'Fairway White') were grown from cuttings obtained from plants purchased at a local These experiments were completed on both control and stressed Coleus plants exposed to 8 d of salinization. Branches (connursery. Once rooted, 36 plants were transplanted to six sand tanks in a green house at the US Salinity Laboratory located taining 10-20 leaves) were excised from the plant using a razor blade. The cut ends were immediately immersed in water, and in Riverside CA ( Wilson et al., 1992) , with six plants present per tank. The plants were allowed to equilibrate to the the stems were recut at the base under water to eliminate any trapped air in the xylem. After a 1 h incubation period under a conditions for 2 weeks, before the salt treatment began. Each tank contained the following (in mol m−3): Ca(NO 3 ) 2 , 2.5; water-filtered 150 W light source, the branch was enclosed in a plastic bag. The branches were then pulsed with 3.7 MBq 14CO 2 for 1 min as previously described (Flora and Madore, 1993) . At specific time points throughout the 20 min chase in ambient air, three leaves were randomly removed from the branches at each time interval, separated into green and white regions, and immediately frozen in aluminium-foil envelopes in dry ice. The leaves were stored at −20°C until extracted and processed as described above. The radioactivity in each ion exchange fraction and in the insoluble residue was determined by scintillation counting. The experiment was repeated three times and the data shown is an average of all samples collected.
Phloem exudate
The experimental protocols for these procedures were essentially as previously described (Flora and Madore, 1993 ). Prior to labelling, branches containing at least four mature leaves were enclosed in a plastic bag and exposed to 14CO 2 (produced by the acidification of 1.0-1.5 MBq of NaH14CO 3 ) as previously described (Flora and Madore, 1996) . After a 30 min labelling of the total dry weight. The carbon content did not period, the plastic bag was removed, and the plant was left change significantly when salinity stress was imposed. In under the light for a 30 min chase period in ambient air.
the control plants, the nitrogen content accounted for Branches were then immersed in water, and individual leaves were removed with a razor blade at the base of the petiole. The 4.4% of the dry weight in the source tissues, and 4.7% of petiole was then re-cut under water and placed in a microfuge the sink tissues. Under salinity stress, there was a reductube containing 1.5 ml of 20 mM EDTA (pH 7.0). The amount tion in total nitrogen content to 3.2% in source tissues in of 14C exuded by each labelled leaf was monitored at 30 min 3.3% in the sink tissue.
intervals by scintillation counting until the total label exuded from each leaf had reached approximately 50 Bq. The exudate
Protein content
was separate into neutral, acidic, and basic fractions as described above, and the amount of radioactivity in each fraction was
The loss in total tissue N was reflected in the decline in determined by scintillation counting. For each experiment the total soluble protein in the sink and source tissues of exudate was collected from eight leaves (from four different plants) for both stressed (10 d after salinization) and control Coleus which occurred during salinity stress (Fig. 2) . In were 4.25 mg ml−1 in the source tissues, and 2.23 mg ml−1 in the sink tissues. By day 25 of the salt treatment the source tissues exhibited a 25% reduction in soluble protein Results content, and in sink tissues a 20% reduction was observed.
Growth rates
Total soluble amino acid content The growth of Coleus shoots were affected by the presence of NaCl in the growing medium. During the course of In contrast to the effects observed for total N, the imposed the experiment the control plants grew an average of salinity treatment raised the free amino acid levels signi-1.8 cm d−1, whereas the plants subjected to the saline ficantly in the source ( Fig. 3A) and sink ( Fig. 3B ) tissues conditions grew at a rate of approximately 0.7 cm d−1 during the first 10 d of the salinity exposure, by more ( Fig. 1) . Under the stress conditions, there was also a than a 2-fold increase in both. The amino acid levels in reduction in the size of each leaf by approximately 50%, the stressed tissues slowly declined for the remainder of the size of the control leaves averaged 55.6 cm2 and the the study, but remained slightly elevated compared to the stressed leaves averaged 26.5 cm2 at day 30. The noncontrol tissues. Total soluble amino acid content was photosynthetic tiuss accounted for approximately 33% of similar in sink and source tissues of the control plants mature leaves in both the control and stressed plants.
( Fig. 3A,B) . In all cases, the white non-photosynthetic sink tissue
Specific amino acid accumulation remained healthy (no necrosis or excision of the region was observed ) throughout the duration of the The addition of salt to the growing media had a significant experiments.
effect on the amino acids composition of both the source ( Fig. 4) and sink (Fig. 5 ) tissues of Coleus. In source C and N content tissues, increased levels of asparagine (Fig. 4A) , arginine ( Fig. 4B) , alanine (Fig. 4C ) , serine (Fig. 4D) , valine In the source and sink tissue of control plants, carbon accounted for approximately 45% and 40%, respectively, ( Fig. 4F ) , glutamine ( Fig. 4G) , isoleucine (Fig. 4H ) , and increase in the amount of label incorporated into the amino acids (Fig. 6A) , and a decrease in the amount of glutamic acid (Fig. 4I ) were observed. The accumulation label incorporated into sugars ( Fig. 6B ) and starch of these compounds peaked between 5 and 15 d after the ( Fig. 6D ). No significant difference was observed in the saline conditions were imposed, and returned to levels amount of label incorporated into organic acids and sugar observed in the control plants by day 30 in most cases.
phosphates between the control and stressed plants The exception to this is arginine ( Fig. 4B) , alanine ( Fig. 6C ). There was also an increase in the amount of ( Fig. 4C ) and valine ( Fig. 4F ) , which remained elevated 14C-labelled amino acids found in the phloem exudates throughout the course of the study. In the source tissue of stressed Coleus plants labelled with 14CO 2 , compared of stressed plants the largest increase occurred in the level to the levels observed in the control plants. At 10 d of arginine ( Fig. 4B) , but in the sink tissue the largest after exposure to salinity, 27.2±2.1% of total 14C in the increase was observed in the level of asparagine in the phloem was incorporated into amino acids, as compared tissue (Fig. 5A) . In general, similar patterns of accumulato 16.6±1.9% for control plants. tion were observed in the sink tissues (Fig. 5A-I ) and the source tissue, as previously discussed. Notably, no change Discussion in proline concentration was observed in either the source ( Fig. 4E) or sink ( Fig. 5E) 
tissues. Other amino acids
This study documents the accumulation of N-containing exhibited either slight declines or showed no significant compounds at eight time points over a 1 month exposure changes ( Table 1) .
to salinity. The addition of NaCl to the growing medium of Coleus resulted in a number of stress responses includPulse chase and phloem exudate ing reduced growth, decreased protein content and the accumulation of a number of low molecular weight nitroBy 8 d after the imposed salinity stress, the distribution of 14C-label between amino acids, organic acids, starch gen-containing compounds. The imposed stress did not result in the excision of the sink areas in the leaves, as or sugars in the Coleus leaves exposed to 14CO 2 was altered ( Fig. 6) . Following the label through the time would be expected if the plants were severely limited for carbon. The accumulation of amino acids peaked between intervals of the chase with ambient air provides informa- 5-10 d after the salt treatment began, which corresponds content in tissues report variable results, which may be due to differences in tissue type and salinity levels studied. to the lowest photosynthetic rates of the tissues, which decreased 4-fold during the first 10 d of exposure to However, a reduction in nitrogen content is a common observation (Dubay and Pessarakli, 1995) , which is ususalinity (data not shown). In this study, it was observed that the stress responses of the sink and the source tissues ally explained by a reduction in nitrogen availability, as most glycophytes exhibit reduced nitrogen uptake and of Coleus leaves were quite similar, as both demonstrated accumulation of several similar nitrogen-containing reduced nitrate reductase activity in the presence of salinity (Aslam et al., 1984; Rao and Gnanam, 1990) . compounds. This suggests that the imposed stress did not negatively impact the transport of amino acids to the Although a reduction in the total nitrogen content was observed in Coleus during the exposure to salinity, a sink tissue. Analysis of the phloem exudate of Coleus demonstrated that there was an increase in the amount number of nitrogen-containing compounds were found to accumulate in both the sink and the source tissue, in of nitrogen containing compounds translocated through the phloem during salinity stress, but the mechanisms particular the amino acids arginine, asparagine and serine. The rapid accumulation of amino acids during salinity underlying the translocation of specific amino acids was not affected.
stress suggest that these compounds may be acting as sinks for excess N in relation to the decreased growth Many environmental stresses, including salinity, affect nitrogen absorption by the roots and its assimilation in occurring during the imposed stress. Also, researchers have suggested several roles for the accumulation of the plant. In Coleus, a reduction in the total nitrogen content was observed in both the photosynthetic tissue nitrogen containing compounds during stress, including osmotic adjustment, and serving as available sources of and the white non-photosynthetic tissue. Previous research on the effects of stress on the total nitrogen carbon and nitrogen (Dubay and Pessarakli, 1995; Fig. 5 . Levels of specific amino acids in the sink tissue of control and salinity-stressed Coleus plants (n=9, ±se).
Hanson and Hitz, 1982) . The complexity of the roles of Table 1 . Concentration of amino acids other than those presented these compounds in plant metabolism suggests a diversity tion observed in Coleus leaves may also be involved in phloem sap has been demonstrated in alfalfa in response to water deficit, including increased transport of proline, ammonia detoxification as shoot growth was found to be reduced by the imposed stress.
valine, isoleucine, leucine, glutamic acid, aspartic acid and threonine (Girousse et al., 1996) . In source tissues, the increase in asparagine that was observed was lower than that of arginine during salinity No significant change was observed in proline levels in either the sink or the source tissues. Although this is stress. Asparagine has been shown to accumulate in response to stress in a number of species (see the review the most commonly reported nitrogen-containing compound to accumulate in response to salinity, other studies by Rabe, 1990) . The most commonly accumulating nitrogen containing compounds (including arginine and asparhave demonstrated no significant change in proline concentrations in response to stress (Ranieri et al., 1989) . agine) contain at least two amino groups, suggesting that these compounds may be preferentially synthesized in This study, as well as others (see review by Rabe, 1990) demonstrates the variation in compatible solute accumuresponse to stress and serve as important nitrogen sources for metabolic pathways.
lation among different species of plants. Several explanations for the accumulation of free amino In the sink tissues of Coleus, the major accumulating amino acids under salinity stress were asparagine, arginine acids and amides under stress have been suggested. These include stimulated synthesis, inhibited degradation of and glutamine. Although arginine accumulates in considerable amounts in Coleus sink tissues and other storage amino acids, impaired protein synthesis, and/or enhanced protein degradation (Ranieri et al., 1989) . From 14C tissues, it does not appear to be extensively translocated (see review by Atkins and Beevers, 1990 ). The increased labelling experiments on Coleus during salinity stress, it can be deduced that at least some of the observed concentration of asparagine and glutamine in the sink tissues may reflect the mobility of these important protein accumulation of amino acids and amides is due to de novo synthesis, as higher proportions of the label were amino acids in the phloem. Asparagine has long been recognized as an important compound in nitrogen transrapidly incorporated into the basic fraction of the stressed plants as compared to the control plants. Further studies port, but information concerning the mechanism of transport is lacking. Changes in amino acid composition of utilizing 15N as a label will prove useful in elucidating 
